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MEASURED TRANSFER FUNCTIONS OF PILOTS 

DUFUNG TWO-AXIS TASKS WITH MOTION 

By Hugh P. Bergeron and James J. Adams 

SUMMARY 

Measurements of human t r a n s f e r  functions, made by matching an analog p i l o t  
t o  a human p i lo t ,  have been obtained i n  tests where the  var iables  were t h e  num- 
ber  of axes being controlled, and operation with and without cockpit angular 
motion corresponding t o  t h e  indicated e r ror .  The analog p i l o t  contained three  
gains which were automatically adjusted t o  match the  p i l o t .  The t e s t s  were 
made with a gimbal-mounted simulator i n  which the  simulated dynanics repre- 
sented an i n e r t i a  system with l i n e a r  damping and control 2 / s ( s  + 1) where s 
i s  t h e  Laplace transform. 

The r e su l t s  show t h a t  although a p i l o t  operates i n  a manner similar t o  a 
l i n e a r  mechanism with constant gains when i n  a fixed-base, single-axis control  
loop, t h e  addition of a second axis t o  h i s  t a sk  causes him t o  operate with time- 
varying gains. The fu r the r  addition of motion t o  t h e  simulation g rea t ly  reduces 
t h e  amount of time var ia t ion  i n  t h e  measured gains of t he  p i l o t .  The t e s t s  show 
t h a t  t h e  measuring method promises t o  be a very useful  means f o r  obtaining data 

I on human charac te r i s t ics .  

INTRODUCTION 

Invest igat ions of human t r ans fe r  functions i n  previous s tudies  ( r e f s .  1 
t o  7) have been concerned mostly with f ixed-base single-degree-of-f reedom simula- 
t i ons .  
ground from which t o  work, it does not r e a l i s t i c a l l y  represent normal human 
operation i n  various c r a f t .  This study represents an attempt t o  invest igate  the  
e f fec t  of multiaxis tasks, with and without motion cues, on t h e  charac te r i s t ics  
of a human t r ans fe r  function. 

Although t h i s  type of invest igat ion i s  necessary t o  obtain a good back- 

The t r a n s f e r  functions were obtained by using an automatic model-matching 
technique. (See refs. 1 and 2.) 
p r inc ipa l  bas i s  f o r  p i l o t  control, motion cues may have an e f f ec t  on the  control 
of vehicles i n  which motion cues can be readi ly  detected. 
t i o n  i s  important i n  t h a t  it represents a more r e a l i s t i c  job; t h a t  is, under nor- 
m a l  conditions, a p i l o t  w i l l  usual ly  have t o  perform two o r  more operations simul- 
taneously. 
order, were mechanized. 
moving cockpit. 

Although v i sua l  cues are considered t o  be the  

Multiple-axis opera- 

I n  t h e  present invest igat ion one- ana then two-axis tasks,  i n  t h a t  
The simulator used i n  these tests w a s  a gimbal-mounted 



It i s  f e l t  t h a t  an ev Luat i of t h  data  pre 

SYMBOLS 

ented n: gineers i n  
assigning p i l o t  tasks and i n  determining p i l o t  requirements. 
a l so  prompt invest igators  t o  probe these f ac to r s  and t h e i r  bearing on human 
t r ans fe r  functions fur ther .  

This paper should 

disturbance input, vo l t s  

gains 

Laplace transform 

ro l l -ax is  displayed error,  v o l t s  o r  deg 

pitch-axis displayed error ,  vo l t s  or deg 

output of analog p i l o t  i n  roll axis, vo l t s  

output of analog p i l o t  i n  p i t ch  axis, vo l t s  

p i l o t  output i n  r o l l  axis, vo l t s  

p i l o t  output i n  p i t ch  axis, vo l t s  

controlled dynamics output i n  roll axis, vo l t s  

controlled dynamics output i n  p i tch  axis, vo l t s  

frequency of pi lot-vehicle  cha rac t e r i s t i c  equation, radians/sec 

dmping r a t i o  of pi lot-vehicle  cha rac t e r i s t i c  equation 

l a g  frequency break point, radians/sec 

DESCRIPTION AND OPERATION OF THE SIMULATOR 

paper i s  an extension of previous work as reported i n  references 1 
and 2. I n  par t icular ,  t h i s  report  represents an analysis of da ta  obtained from 
one- and two-axis simulations with and without motion cues. The t a s k  presented 
t o  the  p i l o t s  was a compensatory one, t h a t  is, one i n  which an ind ica tor  w a s  t o  
be d i n e d  with a f ixed  reference. 
automatic matching technique u t i l i z e d  are derived and explained i n  reference 2. 
Figure 1 shows a block diagram of t h e  tes t  equipment f o r  one axis. The automatic 
adjusting fea ture  of t he  analog p i l o t  i s  shown f o r  one of t h e  gains. The other  
two gains work i n  a similar manner. 

The model of t h e  t r ans fe r  function and t h e  

The f i l t e r s  f o r  each of t he  gains a re  derived 
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i n  reference 2 along w i t h  a computer diagram representing t h e  model of t he  t rans-  
f e r  function and i t s  automatic adjusting feature .  

The p i l o t  operated through a dynamics of 2/s( s + 1). (See sketch.) (The 
e r r o r  s ignal  consisted of t h e  p i l o t ' s  control  s igna l  having gone through the 

dynamics 2/s(s  + 1) plus the disturbance signal.) (See f i g .  2.) In  the  present 
investigation, input and output da ta  were recorded on magnetic tape. By using 
magnetic tape t h e  matching technique could be optimized by reusing t h i s  r a w  data. 
A photograph of t he  simulator i s  shown i n  f igure  3. The v i sua l  reference cues 
w e r e  obtained from an 8-bal l  mounted i n  the center of t he  instrument panel. (See 
f i g .  4.) 
cockpit during t h e  motion runs, t h e  simulator was operated i n  a surrounding of 
complete darkness. 
of t he  face of t he  8-bal l  w a s  @- inches and it w a s  located approximately 20 t o  

24 inches from the observer. 
arm cont ro l le r  (see f i g .  4) ,  t h e  arm of which w a s  3 inches high. 
springs were u t i l i z e d  i n  the  two degrees of freedom of the control ler .  In  the  
experiment, fore-and-aft movement of t h e  cont ro l le r  controlled the  p i t ch  of t h e  
vehicle and 8-bali i n  the  motion and no-motion simulations. Side-to-side move- 
ment controlled the  yaw of the  8-ba i i  i n  t he  no-motion simulations and the  r o l l  
of t he  vehicle and 8-ba i i  i n  t he  motion runs. 
of the  roll axis i n  the  no-motion runs w a s  necessary because of the wiring of 
the  simulator. To eliminate redundancy, side-to-side movement of t h e  cont ro l le r  
w i l l  always be re fer red  t o  as t h e  roll ax i s  of the simulator. 

To assure t h a t  t h e  p i l o t s  d id  not receive v i sua l  cues from outside the  

O n l y  t h e  instruments on t h e  panel were l ighted.  The diameter 

2 
Control w a s  imparted t o  the  vehicle through a side- 

Light centering 

The use of the y a w  axis instead 

The side-arm cont ro l le r  had a freedom of movement of ?30° i n  both the  pitch- 
and ro l l -ax is  control. 
t h e  p i t ch  axis  w a s  rt24.5 vol t s .  
of s t i c k  movement. 
*3l volts;  therefore,  i t s  output w a s  1.032 vo l t s  per  degree of s t i c k  movement. 

a maximum accelerat ion of 5.880 per  second2 t o  the  vehicle.  
m a x i m u m  veloci ty  w a s  5 . 8 8 O  per  second. 
imparted a m a x i m u m  accelerat ion of 4.14O per  second2, and a maximum veloci ty  of 
4.14' per  second. 
factory range of control. 
control s igna l  i s  shown i n  vo l t s  so t h a t  it can be re la ted  t o  the  analog p i l o t  
signal.  The angle the  cont ro l le r  moved i n  degrees, that  is, the  p i l o t ' s  control 
s igna l  i n  degrees, can be eas i ly  determined from t h e  preceding information. The 
e r ro r  s igna l  corresponds t o  t h e  angle which t h e  8-bal l  rotated through i n  the  
no-motion runs. 

The output of the cont ro l le r  f o r  m a x i m u m  def lect ion i n  
Therefore, i t s  output was 0.817 vo l t  per  degree 

The output f o r  maximum deflect ion i n  the r o l l  axis w a s  

A s tep  input of 1' from t h e  side-arm control ler  i n  the  p i t ch  axis imparted 
The corresponding 

A similar input i n t o  the  roll axis  

These vehicle charac te r i s t ics  are considered t o  be i n  a satis- 
The da ta  show t h e  e r ro r  s igna l  i n  degrees. The p i l o t ' s  

I n  the motion runs t h e  vehicle moved through an angle represented 



by t h e  e r ro r  s igna l  and t h e  a t t i t ude  of the  8-baii remained f ixed i n  i n e r t i a l  
space. The vehicle w a s  controlled and moved by hydraulic pressure. The f r e -  
quency response of t h e  simulator w a s  f l a t  t o  9.42 radians per  second. Subsequent 
analysis determined t h a t  t he  natural  frequency of t h e  pi lot-control led system 
w a s  3.5 radians per  second; t h i s  value i s  well within t h e  response of t he  simula- 
t o r .  The disturbance s igna l  (forcing function) consisted of a Gaussian noise 
generator which w a s  f i l t e r e d  with two f i r s t -order  f i l t e r s  t o  a noise break f r e -  
quency of 0.25 radian per  second. This s igna l  was fed  t o  the  vehicle on t h e  path 
represented i n  t h e  flow diagram shown i n  f igure  2. This i s  the  disturbance sig- 
n a l  recorded on t h e  recorder and i s  used i n  obtaining t h e  e r ror .  This e r ro r  sig- 
n a l  i s  t h e  s igna l  recorded f o r  vehicle and 8-bai i  e r ror .  

The same disturbance s igna l  w a s  used f o r  both the  p i tch  and r o l l  axes when 
both axes were i n  operation. However, examination of t h e  e r ro r  s ignals  of t h e  
p i t ch  and r o l l  axes during a typ ica l  run (see 2-axis runs f o r  p i l o t  A with no 
motion) shows no correlat ion between t h e  two s ignals  when they were p lo t ted  
against  each other on an X,Y p lo t t e r .  (See f i g .  3 . )  Also, t he  p i l o t s  remarked 
tha t  they were unable t o  de tec t  any s imi l a r i t y  between the  correction s ignals  
required f o r  t he  two axes. This condition i s  probably due p a r t l y  t o  the  f a c t  
t h a t  as soon as d i f f e ren t  correction s ignals  are applied t o  the  simulator, t he  
e r r o r  s ignals  w i l l  correspondingly d i f f e r  and i n  continual operation t h i s  d i f fe r -  
ence w i l l  be a random function. 

Before each recorded run the  p i l o t  w a s  given a short  pract ice  run. The firs1 
task  required of t h e  p i l o t s  w a s  t o  control a single-degree-of-freedom simulation 
with no motion. 
freedom simulations.) For h i s  second task,  motion w a s  added t o  the  p i t ch  ax is .  
I n  all motion runs, t h e  p i l o t  was strapped down i n  t h e  cockpit. The t h i r d  task  
w a s  t h a t  of control l ing two axes without motion. For h i s  fourth and f i n a l  task,  
motion w a s  added t o  both axes. The p i l o t  knew at a l l  times which runs were con- 
sidered pract ice  and which were considered data runs. A s  t he  r a w  data were being 
recorded on magnetic tape, an analog p i l o t  f i t  w a s  simultaneously being conducted 

(Note t h a t  t h e  p i t ch  axis w a s  used f o r  a l l  single-degree-of- 

All p i l o t s  were i n  general  agreement t h a t  t he  d i f f i cu l ty  of the  task  w a s  
high. 
t o  keep the  e r r o r  s igna l  smaller than the  disturbance o r  uncontrolled signal.  

However, they a l l  maintained reasonable control  inasmuch as they w e r e  able 

INVESTIGATION OF THE ANALOG-PILOT AUTOMATIC-GAIN-CORRECTION FEATURE 

To obtain a ca l ibra t ion  of t he  automatic-gain-adjustment fea ture  of t h e  model 
analog p i lo t ,  several  runs were made i n  which a s ine wave of s e t  frequency w a s  
applied t o  one of t he  gains on a second analog p i l o t .  
second analog p i l o t  were kept constant. 
t h e  computer program i n  place of t h e  p i l o t  as i s  seen i n  f igure  6. 
analog p i l o t  w a s  required t o  follow the  second analog p i l o t .  The K2, T, and 
K1 i n  f igures  7 t o  10 are  t h e  gains of t h e  model analog p i l o t .  The s ine wave 
at t h e  bottom of each f igure  i s  t h e  s ine  wave form inser ted f o r  t he  pa r t i cu la r  
gain i n  t h e  second analog p i l o t .  

The other gains of t h e  

The model 
This analog p i l o t  w a s  then inser ted  in to  
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by t h e  e r ro r  s igna l  and t h e  a t t i t u d e  of t he  8-ba.11 remained f ixed i n  i n e r t i a l  
space. The vehicle w a s  controlled and moved by hydraulic pressure. The f r e -  
quency response of t h e  simulator w a s  f l a t  t o  9.42 radians per  second. Subsequent 
analysis  determined t h a t  t he  natural  frequency of t h e  pi lot-control led system 
w a s  3.5 radians per  second; t h i s  value i s  well  within the  response of t he  simula- 
t o r .  The disturbance s igna l  ( forcing function) consisted of a Gaussian noise 
generator which w a s  f i l t e r e d  with two f i r s t -o rde r  f i l t e r s  t o  a noise break f re -  
quency of 0.25 radian pe r  second. 
represented i n  t h e  flow diagram shown i n  f igure  2. This i s  the  disturbance sig- 
n a l  recorded on t h e  recorder and i s  used i n  obtaining the  e r ror .  
na l  i s  t h e  s igna l  recorded f o r  vehicle and 8-ba l l  e r ror .  

This s igna l  w a s  fed t o  t h e  vehicle on t h e  path 

This e r ror  sig- 

The same disturbance s igna l  was used f o r  both the  p i tch  and roll axes when 
both axes were i n  operation. 
p i t ch  and roll axes during a typ ica l  run (see 2-axis runs f o r  p i l o t  A with no 
motion) shows no cor re la t ion  between the  t w o  signals when they were p lo t ted  
against  each other  on an X,Y p l o t t e r .  (See f i g .  5 . )  A l s o ,  the  p i l o t s  remarked 
tha t  they were unable t o  de tec t  any s imi l a r i t y  between the  correction s ignals  
required f o r  t h e  two axes. This condition i s  probably due p a r t l y  t o  the  f a c t  
t h a t  as soon as d i f f e ren t  correct ion s ignals  are applied t o  the  simulator, the  
e r r o r  s ignals  w i l l  correspondingly d i f f e r  and i n  continual operation t h i s  d i f fe r -  
ence w i l l  be a random function. 

However, examination of t he  e r ro r  s ignals  of t h e  

Before each recorded run t h e  p i l o t  w a s  given a short  pract ice  run. The firs1 
task  required of t h e  p i l o t s  w a s  t o  control a single-degree-of-freedom simulation 
with no motion. 
freedom simulations.)  For h i s  second task,  motion w a s  added t o  the  p i t ch  ax is .  
I n  all motion runs, t h e  p i l o t  w a s  strapped down i n  t h e  cockpit. The t h i r d  task  
w a s  t ha t  of control l ing two axes without motion. For h i s  fourth and f i n a l  task,  
motion w a s  added t o  both axes. The p i l o t  knew at  a l l  times which runs were con- 
sidered pract ice  and which were considered data  runs. A s  the  r a w  data  were being 
recorded on magnetic tape, an analog p i l o t  f i t  w a s  simultaneously being conducted 

(Note t h a t  t h e  p i tch  axis w a s  used f o r  a l l  single-degree-of- 

All p i l o t s  were i n  general  agreement t h a t  the  d i f f i c u l t y  of the  task  w a s  
high. However, they a11 maintained reasonable control  inasmuch as they were able  
t o  keep t h e  e r r o r  s igna l  smaller than the  disturbance or uncontrolled signal.  

INVESTIGATION OF THE AJ!JALOG-PILOT AUTOMATIC-GAIN-CORRECTION FEATURE 

To obtain a ca l ibra t ion  of t h e  automatic-gain-adjustment fea ture  of t he  model 
analog p i lo t ,  several  runs were made i n  which a s ine wave of s e t  frequency w a s  
applied t o  one of t h e  gains on a second analog p i l o t .  The other gains of the  
second analog p i l o t  were kept constant. This analog p i l o t  w a s  then inser ted in to  
t h e  computer program i n  place of t h e  p i l o t  as i s  seen i n  f igure  6. The model 
analog p i l o t  w a s  required t o  follow the  second analog p i l o t .  The K2, T, and 
K1 i n  f igures  7 t o  10 are t h e  gains of t he  model analog p i l o t .  The s ine  wave 
at t h e  bottom of each f igure  i s  t h e  s ine wave form inser ted f o r  t he  pa r t i cu la r  
gain i n  the  second analog p i l o t .  

4 



The e r ro r  s ignal  used i n  these runs consisted of t he  sum of t h e  disturbance 
s igna l  and the  p i l o t  ( i n  t h i s  case the  second analog p i l o t )  output s igna l  through 
t h e  dynamics. The disturbance s ignal  o r  forcing function w a s  a f i l t e r e d  s igna l  
from a Gaussian noise generator with a break frequency of 1 radian per  second. 
The operating dynamics w a s  
gain of t h e  second analog p i l o t  w a s  individually varied by various s ine  wave 
functions of constant frequency. During these runs the  o ther  gains were kept 
constant i n  order t o  determine the  frequency response of t he  individual gain 
adjustment f i l t e r s  and the  in te rac t ion  t h a t  -the adjustment of one of t he  gains 
caused on t h e  other two gains. The gains f o r  four  of these runs a re  i l l u s t r a t e d  
i n  f igures  7 t o  10. 

2/s(s + 1). Several t e s t s  were made i n  which each 

Figures 7, 9, and 10 show t h e  highest frequency t o  which t h e  individual 
gains could adjust  without decreasing s igni f icant ly  i n  amplitude. Figure 7 
i l l u s t r a t e s  t he  response of t h e  K2 gain. The frequency of t he  s ine wave input 
w a s  0.3 cycle per  second. The reason f o r  there  being var ia t ions  i n  t h e  ampli- 
tude of t h e  K2 gain can be a t t r i bu ted  t o  two fac tors .  (1) For K2 t o  adjust  
t o  a new value, t h e  difference between the  p i l o t  and analog p i l o t  must be a la rge  
enough value. This difference i s  d i r ec t ly  dependent on t h e  amplitude of t he  e r ro r  
s ignal .  If the  difference happens t o  be s m a l l  when t h e  programed K2 gain i s  
d i f f e ren t  f rom t h e  model analog p i l o t  K2 gain, l i t t l e  o r  no adjustment w i l l  
take place. 
i s  large,  l i t t l e  o r  no adjustment w i l l  take place i f  t h e  programed K2 gain i s  
near t he  model analog p i l o t  K2 gain. T h i s  log ic  holds f o r  t h e  K 1  and T 

gains a lso.  
sine-wave input of high frequency (1 cycle/second) f o r  

(2 )  The gain must need adjusting; t h a t  is, even though the  difference 

Figure 8 demonstrates t h i s  e f fec t  more vividly by t h e  use of a 
K2. 

The K 1  gain (see f i g .  9)  does not respond as  rapidly as the  K2 gain. 
Also, some in te rac t ion  i s  evident on both the  K2 and T gains.  The sine-wave 
input i n  t h i s  case was made a t  0.06 cycle per second. The r e s u l t s  of t h e  T 

gain i l l u s t r a t e d  i n  f igure  10 closely resemble t h a t  of t he  K 1  gain. These 
r e su l t s  were obtained with a frequency of 0.06 cycle per  second. 

FCGXJLTS AND DISCUSSION 

The da ta  presented consist  of one- and two-ax i s  simulations with and with- 
out motion cues. Figures 11 t o  26 represent t he  runs f o r  th ree  p i l o t s  through 
t h e  complete task  schedule. The p i l o t s  a re  designated by t h e  same l e t t e r  ref- 
erence as i n  reference 2; t h a t  is, p i l o t  A i n  reference 2 i s  p i l o t  A i n  t h i s  
report .  

It i s  s igni f icant  t h a t  i n  performing a l l  t h e  d i f f e ren t  tasks  t h e  p i l o t s  
maintained an average calculated frequency and damping r a t l o  t h a t  agreed with 
previous da ta  taken on similar t asks  of equal d i f f i c u l t y .  It should be empha- 
sized, however, t h a t  these values cons t i tu te  t h e  average of a complete run. 
Further invest igat ion of t he  time h i s t o r i e s  indicated ce r t a in  spec i f ic  varia- 
t i o n s  between t h e  various tasks .  
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Figures 11, 12, and 13 represent single-axis tasks  without motion f o r  
p i l o t s  A, By and D, respectively, and present t he  error ,  p i lo t ,  analog p i lo t ,  and 
gain signals.  I n  addition, a typ ica l  disturbance s igna l  i s  displayed on f ig -  
ure  11. Figure 14 represents a single-axis task  with motion f o r  p i l o t  A. Since 
there  w e r e  normally only minor var ia t ions i n  t h e  time h i s t o r i e s  of t h i s  task  and 
t h e  previous task, only one time h is tory  w a s  displayed. It can be seen, however, 
i n  t h i s  pa r t i cu la r  run t h a t  t h e  p i l o t  operated with a f a i r l y  high frequency. 
This run, however, w a s  t h e  first performed by t h i s  p i l o t  with motion and h i s  f r e -  
quency dropped i n  subsequent runs i n  which he operated with motion cues. 

The next t a sk  consisted of two-axis operation without motion. Figures 15 
One must remember and 16(a) present records of t h e  two-axis runs made by p i l o t  A. 

t h a t  i n  all t h e  two-axis runs, both axes f o r  each task  were controlled at t h e  
same time, t h a t  is, t h e  runs shown i n  f igures  15 and 16(a) were performed a t  the  
same time, t h a t  i n  figure 15 corresponding t o  t h e  p i tch  axis and tha t  i n  f ig -  
ure  16(a) t o  t h e  roll axis. All t he  gains K l ,  T, and K2, f o r  these two-axis 
runs show a de f in i t e  change from t h a t  shown i n  f igure  11 i n  t h a t  they vary con- 
siderably during t h e  run. A l s o ,  t h e  e r ro r  s ignals  are l a rge r  i n  t h e  runs shown 
i n  f igures  15 and 16(a). Note i n  par t icu lar  t he  spikes i n  K1 of the  two-axis 
runs and see how they correspond t o  the  la rge  e r r o r  displays.  
1 6 ( ~ ) ,  and 16(d) represent t h e  gains obtained from re-runs of t he  task  performed 
i n  f igure  16(a). These re-runs were accomplished by using data  stored on magnetic 
tape.  
accuracy of t h e  results obtained i n  f igure 16(a), t h e  run i n  which a l l  th ree  gains 
w e r e  computed at t h e  same time. The scal ing of t h e  gains i n  f igures  16(b), 1 6 ( ~ ) ,  
and 16(d) i s  twice t h a t  of t h e  gains i n  figure 16(a).  
gains inverted with respect t o  t h e  other th ree  f igures .  
ure  16(a) w e r e  run, t h e  computer became unstable about three-fourths of t h e  way 
through t h e  run. I n  l a t e r  tests with t h e  same data, t h e  e n t i r e  run w a s  completed. 
The arrows at t h e  top  of f igures  16(b), 16(c),  and 16(d) designate t h e  locat ion 
where the  run became unstable i n  f igure  16(a). 

Figures 16(b),  

The object w a s  t o  invest igate  each gain individually t o  determine t h e  

Figure 16(a) a l so  had i t s  
When the  data  i n  f i g -  

I n  t h e  re-runs two of t h e  gains were kept f a i r l y  constant by lowering the  
gain i n  t h e  automatic-gain adjustment loops. It w a s  f e l t  t h a t  i f  keeping two of 
t he  gains constant did not increase the  measured var ia t ions  i n  the  t h i r d  gain, 
g rea te r  confidence could be placed i n  the  measured var ia t ions.  It can be seen 
i n  t h e  re-runs t h a t  snly s l i g h t  var ia t ions from t h e  time h i s to r i e s  of the  gains 
presented i n  f igure  16(a) exis t .  It i s  concluded t h a t  t he  measured var ia t ions 
i n  gain do accurately r e f l e c t  gain var ia t ions present i n  t h e  p i lo t ,  and these 
var ia t ions are due only i n  a s m a l l  p a r t  t o  t h e  type of in te rac t ion  shown i n  t h e  
cal ibrat ions presented i n  f igures  7 t o  10. Figures 17 and 18 show records made 
by p i l o t  €3. Again a de f in i t e  change i s  noted i n  the  gains and er ror  s ignals .  
The spiked var ia t ions i n  K1 are more pronounced i n  figure 18 than i n  t h e  pre- 
viously mentioned two-axis runs. Again, these spikes can be re la ted  t o  large 
var ia t ions i n  t h e  e r ro r  signal.  I n  t h e  t h i r d  p i l o t ' s  runs ( f i g s .  19 and 20) ,  
changed gains and e r r o r  s ignals  as re la ted  t o  t h e  p i l o t ' s  single-axis run 
( f i g .  13) can again be seen. A s  noted i n  f igure  19 t h e  values of K1 and T 

gains were i n i t i a l l y  set too far from t h e i r  f i n a l  value and, as can be seen, 
never did reach t h i s  steady-state value. For t h i s  reason the  values of K1 and 
T had t o  decrease continually and a var ia t ion  from t h e  steady-state average would 
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not be as readi ly  noticed. 
r e su l t s  and la rge  var ia t ions  of t h e  gains are evident. 

However, t h e  run shown i n  figure 20 typ i f i e s  previous 

The f i n a l  t a sk  p re sen ted to  each p i l o t  involved two-axis control with cock- 
p i t  motion present i n  t h e  simulation. The runs shown i n  f igures  21 and 22 are 
t h e  p i t ch  and roll t i m e  h i s t o r i e s  with p i l o t  A; t h e  runs i n  figures 23 and 24, f o r  
p i l o t  B; and t h e  runs i n  f igures  23 and 26, f o r  p i l o t  D. I n  a l l  these runs t he  
measured gains show very l i t t l e  var ia t ion  with time when compared with the  two- 
axis tests without motion. Also, t h e  e r ro r  does not contain t h e  l a rge r  excursions 
noted i n  t h e  runs without motion. A possible explanation of t he  e f f ec t s  noted 
when motion w a s  added t o  t h e  simulation i s  as follows. When a p i l o t  i s  control- 
l i n g  two axes, he may at  times neglect t he  visual presentation f o r  one axis w h i l e  
he concentrates on controll ing t h e  o ther  axis. If t h e  v i sua l  cue i s  t h e  p i l o t ’ s  
only cue, there  w i l l  be times during which no control w i l l  be exercised on t h e  
neglected axis. If the  p i l o t  a l so  has a motion cue, he w i l l  use t h i s  motion cue 
during the  times t h a t  he i s  neglecting t h e  v isua l  cue t o  a i d  him i n  maintaining 
a constant l e v e l  of control.  

Table I represents a listing of da ta  obtained from each p i l o t .  The various 
tasks  a re  grouped i n  t h e  following order: The first t a s k  i s  a single-axis simula- 
t i o n  without motion. This t a sk  i s  followed by a single-axis simulation with 
motion. The t h i r d  t a sk  consis ts  of a two-axis s i d a t i o n  without motion. Because 
of t he  la rge  var ia t ions i n  t h e  K2 gain, th ree  groups of da ta  a re  l i s t e d  as 
representing t h i s  task.  A minimum, average, and maximum value of K2 are con- 
sidered. The fourth, and f ina l ,  t ask  represents a two-axis simulation with 
motion. The data  l i s t e d  consist  of t h e  measured gains, t he  calculated t r ans fe r  
function of 
t i o n  of t h e  

t h e  p i lo t ,  and t h e  closed-loop charac te r i s t ics .  The t r ans fe r  func- 
p i l o t  i s  i n  t h e  form: 

The closed-loop (0/D 
p l e t e  system over t h e  disturbance. 

o r  @/D) charac te r i s t ics  represent t he  output of t h e  com- 

The calculated closed-loop charac te r i s t ics  show t h a t  using the  average 
values of t h e  measured gains f o r  t h e  p i l o t  results i n  frequencies, damping ra t ios ,  
and r e a l  roots  t h a t  a r e  very nearly t h e  same f o r  all t h e  tests. 
t i o n  i s  t h e  high damping r a t i o  obtained with p i l o t  D on t h e  r o l l  axis., 
r e s u l t s  a l so  agree closely with t h e  results obtained i n  reference 2 with the  same 
controlled dynamics, t h e  exception being t h a t  t h e  real roots  obtained i n  the  
present invest igat ion are lower. 

The one excep- 
The 

I n  addition t o  using t h e  average measured values of t h e  gains, t h e  maximum 
and minimum measured values of 
were used i n  conjunction with t h e  average values of K 1  and T i n  calculat ing 
closed-loop charac te r i s t ics .  I n  general, these calculations show t h a t  t he  closed- 
loop damping r a t i o s  are less with t h e  maximum and minimum values of K2 than w e r e  

K2 measured i n  t h e  two-axis tests without motion 



those obtained with t h e  average values. I n  some cases t h e  use of t h e  minimum 
value of K2 
l e s s  than 1 and t h e  o r ig ina l  complex root t o  have a negative damping r a t i o .  
exception t o  t h i s  general  t rend  i s  t h e  p i t ch  axis with p i l o t  A, i n  which t h e  min- 
i" value of K2 
There are also instances during t h e  tests when K 1  
value, and thus indicated t h a t  no control  w a s  being exercised. 

caused t h e  r e a l  roots  t o  combine t o  form a complex root with damping 
The 

resu l ted  i n  a higher dnmping r a t i o  than t h e  average value. 
dropped t o  a low o r  zero 

CONCLUDING REMARKS 

The present invest igat ion indicates  t h a t  although a p i l o t  operates i n  a man- 
ner s i m i l a r  t o  a l i n e a r  mechanism with constant gains when i n  a fixed-base simu- 
l a t ed  single-axis control  loop, t h e  addition of a second axis t o  h i s  control task  
causes him t o  operate with time-varying gains. 
motion corresponding t o  the  indicated e r r o r  t o  t h e  simulation g rea t ly  reduced the  
amount of time var ia t ion  i n  t h e  measured gains of t h e  p i l o t .  

The fu r the r  addition of angular 

The quant i ta t ive  values obtained i n  these t e s t s  must be viewed with caution 
i n  view of t h e  amount of in te rac t ion  and t h e  slow response shown i n  the  frequency- 
response ca l ibra t ion  of t h e  measuring method. However, these preliminary t e s t s  
show t h a t  t h e  method promises t o  be very useful  i n  obtaining data on human 
charac te r i s t ics .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va. ,  October 15, 1963. 
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TABU I .- MEASURED AND CALclTLATED VALUES FROM PILOT TESTS 

(a) P i l o t  A 

Task 

. . -  

Type of run 

. ___ 

Pi tch  a x i s  only; without motion 

Pi tch  axis only; with motion 

Pi tch  and roll axis; p i t c h  axis 
without motion; maximum K 2  

P i tch  and roll axis; roll a x i s  
without motion; maximum K 2  

Pi tch and roll axis; p i t c h  a x i s  
without motion; average K 2  

P i tch  and roll axis; roll a x i s  
without motion; average K 2  

P i tch  and roll axis; p i t c h  a x i s  
without motion; minimum K 2  

P i tch  and roll axis; roll axis 
without motion; m i n i m  K 2  

Pi tch and roll axis; p i t c h  a x i s  
with motion 

Pi tch  and roll axis;  roll axis  
with motion 

.. __-. 

Measured gains  
- 

7 

5 

2 

5 

5 

5 

5 

5 

5 

4.5 

4 

- 

K 2  

5.5 

6 

0 

9 

7 

5 

5 

0 

7 

2.5 

1.3(1 + 1.1s) 
(1 + 0.2s) 

2 

2.4(1 + 1.2s) 
2 

(1 + 0.2s) 

1.3(1 + 2 s )  

(1 + 0.2s) 
2 

2 ( 1  + 1.8s) 

(1 + 0.2s) 2 

1.3(1 + 1.4s) 
2 (1 + 0.2s) 

2 ( 1  + s )  
(1 + 0.2s) 2 

1.3(1 + S )  
(1 + 0 . 2 s p  

(1 + 0.2s)2 
2(1 + O s )  

1.44(1 + 1.56s) 

(1 + 0.222sp 

2.25(1 + 0.625s) 

(1 + 0.25s) 2 

Closed-loop c h a r a c t e r i s t i c s  

UI 

,3.029 

4.037 

3.97 

4.47 

3.41 

3.442 

2.87 

5 -876 
1.702 

3.49 

2.521 

-~ 

P 

0.348 

.143 

.202 

.112 

.289 

.226 

.370 

.954 
- .0636 

.205 

.152 

R e a l  roo ts  
.. ~~ 

-8.007; -0.885 

-9.034; -0.815 

-8.93; -0.461 

-9.47; -0.528 

-8.362; -0.669 

-8.442; -1.00 

-7.87; -1.00 

-7.966; -0.60 

-6.486; -1.747 

- - 

10 



TABU I.- ME4SURED AM) CALCULATED VALUES FROM PILOT TESTS - Continued 

(b) P i l o t  B 

Type of run 

Pi tch  axis only; without motion 

Pi tch  ax is  only; with motion 

Pi tch  and roll axis; p i t c h  ax is  
without motion; m a x i m u m  K 2  

P i tch  and roll axis; roll axis  
without motion; maximum K 2  

P i tch  and r o l l  axis; p i t c h  a x i s  
without motion; average K 2  

P i tch  and r o l l  axis; r o l l  ax is  
without motion; average K2 

P i tch  and roll axis; p i t c h  a x i s  
without motion; minimum K 2  

P i tch  and roll axis; roll axis  
without motion; minimum K2 

P i tch  and roll axis; p i t c h  a x i s  
with motion 

Pi tch  and roll axis; roll a x i s  
with motion 

Measured gains  

- 

K 1  

8 

7 

9 

9 

9 

9 

9 

9 

8 

6 

- 

7 

4 

3.5 

5 

5 

5 

5 

5 

5 

5 

3.5 

- 

K2 

6 

3 

6 

8 

4 

3 

1 

0 

5 

2.5 

Pransfer function, 

2(1 + 1.5s) 

(1 + 0.25s) 2 

(1 + 0.2s)2 

1.8(1 + 1.6s) 

(1 + 0 . 2 S ) Z  

1.8(1 + 0.8s) 

(1 + 0.2s)2 

1.8(1 + 0.6s) 
2 (1 + 0.2s) 

1.8(1 + 0 . 2 ~ )  

(1 + 0.2s)2 

1.8(1 + O S )  

(1 + 0.2S.f 

(1 + 0.2s)2 

1 .6 (1  + S )  

L.715(1 + 0.715s) 
2 (1 + 0.288s) 

- 

Closed-loop c h a r a c t e r i s t i c s  

w 

3 . 6 ~  

2.595 

3.59 

4.092 

2.914 

2.444 

1.78 

5 3 1 9  
6-99 

3.136 

2.217 

P 

3.1 

- 139 

.224 

.1628 

.294 

-299 

* 0905 

-957 - - 972 

* 297 

.182 

~ 

R e a l  roo ts  

-7.634; -0.64( 

-6.084; -1.lgt 

-8.58; -0.808 

-9.07; -0.592 

-7.954; -1.33: 

-7.537; -2.00( 

-5.678; -5.0 

-8.136; -1. oo( 

-5.695; -1.5 
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- 

Task 

TAEiLE I .- AND CALCULATED VALUES FROM PILOT TESTS - Concluded 

( c )  P i l o t  D 

~. 

Type of run 

Pi tch  axis only; without motion 

Pi tch  ax is  only; with motion 

Pi tch  and roll axis; p i t c h  axis 
without motion; m a x i m u m  K 2  

P i tch  and roll axis; roll axis 
without motion; m a x i m u m  K 2  

P i tch  and roll axis; p i t c h  a x i s  
without motion; average K2  

P i tch  and roll axis; roll axis 
without motion; average K 2  

P i tch  and roll axis; p i t c h  axis 
without motion; minimum K 2  

P i tch  and roll axis; roll axis  
without motion; minimum K 2  

P i tch  and roll axis; p i t c h  ax is  
with motion 

Pi tch  and roll axis; roll a x i s  
with motion 

Measured gains  
- 
K 1  

a 

- 

7 

4.5 

3 

4.5 

3 

4.5 

3 

a 

5 
- 

4 

4 

3 

7 

3 

7 

3 

7 

5 

4 

5 

5 

6 

16 

3 

10 

0 

4 

5 

3 

!ransf er f'unction: 

(1 + + .)' 
2(1 + 1.25s) 

(1 + o.25s)2 

1.75(1 + 1.25s) 
2 (1 + 0.25s) 

1.5(1 + 2s) 

(1 + 0 . 3 3 ~ ) ~  

0.44(1 + 2.3s) 

(1 + 0 . 1 4 3 ~ ) ~  

1.5(1 + S )  
(1 + 0 . 3 3 ~ ) ~  

0.44(1 + 1.43s) 

(1 + 0 . 1 4 3 ~ ) ~  

1.5(1 + O S )  

(1 + 0 . 3 3 ~ ) ~  

0.44(1 + 0.57s)  

(1 + 0 . 1 4 3 ~ ) ~  

1.6(1 + S )  

(1 + 0.2s)2 

1.25(1 + 0.75s) 
(1 + 0.25s) 2 

~ 

Closed-loop charac te r i s t ics  

(I) 

3 - 346 

3.176 

3.064 

3.51 

2.265 

2.892 

3.888 
1.336 

.986 

3.136 

2.095 

- 
P 
- 

0.130 

.166 

.06$ 

.64 

.162 

.a52 

.933 
- .o*: 

.702 

- 297 

-329 
-. ~ 
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Figure 2.- Flow diagram of simulation. 



Figure 3.- Three-degree-of-freedom gimbal mounted simulator. L-62-5543 



Figure 4.- Instrument panel. 660-4266 
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Figure 5.- X,Y plot of er ror  f r o m  p i tch  and roll axes. 



Figure 6.- Computer diagram of model analog p i l o t  and fixed-gain analog p i l o t ,  
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Figure 7.- Matching of a va r i ab le  K2 gain.  
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Figure 8.- Matching of a var iab le  K2 gain. 

I 



K1 

7 

K2 

O L -  5 

0 

10 5 1  
0 

5 

10 

"c 5 

I 
0 1 2 

Time, min 
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Figure 11.- Record of p i l o t  A, s i ng le  axis, no motion. 
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Figure 12.- Record of pilot B, single axis, no motion. 
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Figure 13.- Record of pilot D, single axis, no motion. 
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Figure 16.- Continued. 
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Figure 16.- Concluded. 



Displayed 
error ,  

deg 

Pilot, 
volts 

Analog pilot, 
volts 

K1 

7 

K2 

36 

36 

10 
10 

10 O I  

10 O[ 

10 O [  

10 

0 1 

Time, min 

2 

Figure 17.- Record of pilot B, f i r s t  axis of 2, no motion. 
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Figure 19.- Record of p i l o t  D, first axis of 2, no motion. 
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Figure 20.- Record of pilot D, second axis of 2, no motion. 
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Figure 21.- Record of p i l o t  A, first a x i s  of 2, with motion. 
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Figure 22.- Record of p i l o t  A, second axis of 2, with motion. 
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Figure 23.-  Record of pilot B, f irst  axis of 2, with motion. 
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Figure 24.- Record of p i l o t  B, second a x i s  of 2, with motion. 
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Figure 25.- Record of p i l o t  D, f i r s t  ax is  of 2, with motion. 
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Figure 26.- Record of p i l o t  D, second axis of 2, with motion. 
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